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Abstract 
The use of nonconductive ceramic materials is increasing rapidly in industrial and engineering applications due to its high hardness, low 
thermal conductivity, and resistance to oxidation. Machining operations for fabricating structures from nonconductive ceramic materials 
are difficult and most of the traditional machining techniques are not applicable because of its high brittleness. Electro discharge 
machining (EDM) technique, a noncontact machining process, is applied for processing nonconductive ceramic ZrO2 using assisting 
electrode. In this technique, pyrolytic carbon layer on the ceramic surface formed by the cracked carbon from the carbonic dielectric, 
plays the key role for continuous EDM. The formation of pyrolytic carbon and its stability depends upon the input power, workpiece 
material, tool electrode material, dielectric substance, polarity, and discharge duration. In this study, experiments were done to investigate 
the effect of input power on the material removal rate (MRR) and to explore the material removal mechanism. The experimental results 
show that the material is removed in EDM of nonconductive ZrO2 ceramic mostly by spalling and it increases with the increase of input 
power. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
of Mechanical Engineers 
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1. Introduction 
Nonconductive ceramics are composed of metallic and non-metallic elements. The covalent and ionic bonds of elements 
make these ceramics much stronger than metals. Nonconductive ceramics are also known as engineering ceramics or 
advanced ceramic materials. Due to the excellent chemical and physical properties, nonconductive ceramics have been 
using for many years in automotive spark plugs as an electrical insulator and high temperature resistant. They are now used 
in multifarious fabrication of domestic, industrial, building products and art objects. Examples include cutting tools, self-
lubricating bearings, turbine blades, internal combustion engines, heat exchangers, ballistic armour, ceramic composite 
automotive brakes, diesel particulate filters, a wide variety of prosthetic products, piezo-ceramic sensors [1]. Currently, 
micro-parts made of engineering ceramics are used in biomedical field to fabricate femoral heads and acetabular cups for 
total hip replacement, dental implants and restorations, bone fillers and scaffolds for tissue engineering. In near future, the 
need for tough, strong and stable bioinert ceramics should be met by either nano-structured Al2O3 and ZrO2 based ceramics 
and composites or by non-oxide ceramics [2], [3]. Nonconductive ceramics cannot be machined by traditional metallic tools 
because of their high brittleness and hardness. Hence, nonconventional machining such as chemical machining, abrasive 
water jet machining, ultrasonic machining, laser beam machining, electro discharge machining are used in processing of 
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structures from nonconductive ceramic materials [4]. EDM is a known process for producing structures from electrically 
conductive materials with high dimensional accuracy and good surface finish. Most of the engineering ceramics such as 
Al2O3, ZrO2, Si3N4 and SiC are electrically nonconductive. Therefore, to apply EDM for structuring nonconductive ceramic 
materials, a basic technique is developed in which a conductive metallic layer is applied on the surface of the workpiece [5]. 
This additional conductive metallic layer is referred as assisting electrode (AE). The initial electrical sparks occur in the 
machining gap between the tool electrode and the assisting conductive electrode. In this method, kerosene is used as 
dielectric fluid. After the finishing of AE layer, carbon particles are cracked due to the disassociation of kerosene molecule 
at high instantaneous energy and create a layer of pyrolytic carbon on the machined surface of the electrically 
nonconductive ceramic. This carbonic layer provides the essential electrical conductivity to progress the process. Adhesive 
copper or aluminium foil, coating of graphite or carbon, silver varnish and copper, silver or gold sputtered on the workpiece 
surface can be used as AE [6], [7], [8]. Machining of Si3N4, SiC and ZrO2 has been done successfully by EDM using 
assisting electrode and pyrolytic carbon technique. But in processing of Al2O3, the creation of conductive pyrolytic carbon 
layer at high temperature during EDM discharge is quite different compared to other engineering ceramics. The formation 
of pyrolytic carbon layer on the Al2O3 substrate depends upon the degree of purity of the material. In EDM of low purity 
and porous Al2O3, the pyrolytic layer can be created during the process. But it does not form on the surface of highly pure 
Al2O3 ceramic [9]. It is observed that the free energy of forming A14C3 is rather high as compared to those of ZrC. As a 
result, creation of conductive pyrolytic carbon layer on A12O3 is very difficult and machining becomes unstable [10]. 
Microstructures from insulating Si3N4 are successfully fabricated by EDM using AE method in which copper and carbon 
powder is mixed and applied on ceramic surface [11]. AE method also can be applied in electro discharge milling for 
nonconductive ceramics [1], [12]. In this process, a conductive metallic wheel is used as tool electrode mounted on a rotary 
spindle driven by an AC motor. The tool electrode and the assisting electrode are connected to the positive and negative 
poles of the pulse generator respectively. The insulating ceramic workpiece is mounted on a numerically controlled table. 
Thin conductive metallic sheet is supplied continuously on the workpiece. So, water also can be used as dielectric. Adhesive 
copper and aluminium foil are used in EDM of ZrO2 to get the optimized machining parameters in certain machining 
conditions [13]. The microstructures of high aspect ratio from nonconductive ZrO2 have been fabricated successful by 
micro-EDM with a special arrangement of tool electrode [6]. The effect of electrode material on EDM of Al2O3 is 
investigated using copper, graphite (Poco EDM-3) and copper-infiltrated-graphite (Poco EDM-C3) electrodes. The results 
show that Al2O3 cannot be machined with pure copper electrode with positive polarity. But graphite tool electrodes can be 
used with both the polarities. Positive tool polarity gives higher MRR and less electrode wear rate (EWR) [14]. In EDM of 
conductive materials, material is removed mostly by melting and evaporation, but the main material removal mechanism in 
EDM of nonconductive ceramics is spalling which occurs due to the alternating thermal load of the electrical sparks [6], 
[15], [16]. Thus material removal is influenced greatly by the input energy level [15], [17]. Several works have been done to 
investigate the effect of parameters such as voltage, current, discharge duration on MRR in EDM of nonconductive 
ceramics, but the effect of input power on MRR in EDM of nonconductive ceramics is not known. Precise removal of 
material (i.e. MRR) is essential to know to fabricate intricate and micro product. This paper aims to investigate the effect of 
input power on the continuous machining of nonconductive ceramics and investigate the spalling effect in EDM of ZrO2 
ceramic. 
2. Experimental 
The schematic diagram of the experimental setup of EDM for nonconductive ceramic with the AE is shown in Fig 1. 
The machining has been conducted using NC die-sinking EDM machine (EX22, Mitsubishi, Japan). In the present 
experiments, 92% pure ZrO2 ceramic plate (20 mm x 15 mm x 10 mm) is used as workpiece. The properties of the 
workpiece material are listed in the Table 1. The copper tool electrode (3 mm x 3 mm) is used. The workpiece and the tool 
electrode were cleaned by acetone before machining. Since the workpiece is electrically nonconductive, its surface is 
covered by an adhesive copper layer to occur the sparks. After the removal of this external layer, a new conductive layer is 
created instantaneously on the machined surface using cracked carbon combined with the debris of tool electrode material. 
This layer acts further as an assisting electrode. Copper foil has excellent electrical conductivity and easy to remove after 
machining without any damage. After machining, the workpiece is cleaned again by acetone before weighing. Electronic 
balance (B204-S Mettler Toledo, Switzerland) is used to take the weight of workpiece before and after the machining. The 
important machining parameters used in the experiments are summarized in the Table 2. To investigate the effect of input 
power in EDM of nonconductive ceramics, experiments are done varying the input power keeping other parameters 
constant. 
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3. Results and discussions 
The ZrO2 ceramic workpiece machined by EDM is shown in Fig. 2 and SEM images of machined surface are shown in 
Fig. 3. Cavities of various depths such as 1 mm, 2 mm, and 4 mm are created on the ZrO2 workpiece. The pyrolytic carbon 
layer on the machined surface is produced continuously using kerosene as dielectric fluid and adhesive copper foil as initial 
assisting electrode. The main material removal mechanism in EDM of nonconductive ceramic materials is spalling. 
However, a small fraction of ceramic materials can be removed by melting and vaporization [6]. In the SEM images, several 
cracks are observed and it clearly reveals that the most of the material is removed due to spalling. Spalling also depends on 
the input energy. A minimum input power is required to create the pyrolytic carbon layer on the ceramic surface. The 
present experiment shows that at lower input powers, EDM could not be progressed on ZrO2. The minimum input power of 
1.1 KVA could start the machining creating a thin layer of pyrolytic carbon with very low MRR. Stable machining is 
attained at 1.2 KVA and more materials are removed at increased input powers. The effect of input power on the MRR is 
shown in Fig. 4. It is evident that MRR increases with the increase of input power at initial stages. This trend remains same 
from the input power of 1.1 KVA until 1.3 KVA. From 1.3 to 1.4 KVA, it is increased at lower rate (curve is less stiff). 
However, more experiments are needed to confirm the trend.  
 
 
Fig. 1. Schematic diagram of the experimental setup 
 
Table 1. Physical properties of workpiece material 
Property Value 
Hardness (Hv) 1270 
Melting temperature (0C) 2720 
Thermal conductivity (W/m K) 2 
Specific heat capacity (J/g0C) 0.4 
Specific gravity (g/cm3) 5.68 
Electrical resistivity ( -cm) 1010 
 
Table 2. The EDM conditions 
Working conditions Description 
Tool electrode Cu 
Tool polarity -ve 
Input power (KVA) 1.1, 1.2, 1.3, 1.4 
Pulse-on-time, Ton (μs) 12 
Pulse-off-time, Toff (μs) 12 
Assisting electrode Adhesive Cu foil 
Dielectric fluid Kerosene 
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Fig. 2. Three by three millimetres sized square cavities on ZrO2 ceramic workpiece  machined by EDM using adhesive copper foil as assisting 
electrode, copper tool electrode with –ve polarity at Ton=12 s and Toff =12 s . Input power A : 1.3 KVA, B : 1.4 KVA 
 
 
  
 
Fig. 3. Magnified SEM images of rectangular box of window A and B in EDMed ZrO2 surface (a) window A in Fig. 2 (b) window B in Fig. 2 (M: 
melting, S : spalling) 
 
 
 
Fig. 4. The effect of IP on MRR in EDM of nonconductive ZrO2 using adhesive copper foil as assisting electrode, copper tool electrode with –ve 
polarity at Ton=12 s and Toff =12 s 
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The reason can be explained by the Equation (1) [15]. 
 
lTT
EF
offon
      (1) 
where, F is the maximum of the discharge force,  is the integral of Cp/Cv,  is the density of dielectric, E is the energy in 
the single pulse, Ton is the pulse-on-time, Toff is the pulse-off-time, l is the spark gap. It can be seen from “Equation (1),” the 
discharge force increases with an increase in the discharge energy. Thus, the amounts of workpiece material removed 
increase with an increase in the energy supplied. But it is observed that material removal is decreasing at higher energy 
level. In this stages, more power results rapid removal of base material with higher alternating thermal load. The pyrolytic 
carbon layer also is washed away rapidly from the machined surface before attaining desired thickness. Dielectric strength is 
very important in EDM of advanced ceramics. At higher input power, kerosene produces more free carbon particles and 
dielectric strength is reduced consequently. In this condition, rate of pyrolytic carbon formation is also reduced that may be 
another reason for decreasing MRR at higher input power in EDM of nonconductive ceramic materials. 
4. Conclusions 
Nonconductive ZrO2 ceramic was machined by die-sinking EDM machine applying assisting electrode method.  The 
effect of input power on material removal characteristics was investigated. Following conclusions can be drawn from the 
experimental observations and results. 
1. Using adhesive copper foil as assisting electrode and copper tool electrode with –ve polarity in kerosene dielectric, 
EDM of nonconductive ZrO2 ceramic is done effectively (Fig. 2).   
2. In the EDM of nonconductive ZrO2 ceramic, the material is removed mainly by spalling (Fig. 3a). A little amount of 
material is removed by melting and vaporization (Fig.3b). 
3. The material removal can be increased by increasing the input power keeping other parameters constant (Fig.4). 
4. After EDM, the external copper layer can be removed from the ceramic surface easily (Fig. 2). 
5. Further experiments are needed to investigate the effect of higher IP on MRR. 
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